Individuals with type-2 diabetes mellitus experience poor motor outcomes after ischemic stroke. Recent research suggests that type-2 diabetes adversely impacts neuronal integrity and function, yet little work has considered how these neuronal changes affect sensorimotor outcomes after stroke. Here, we considered how type-2 diabetes impacted the structural and metabolic function of the sensorimotor cortex after stroke using volumetric magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS). We hypothesized that the combination of chronic stroke and type-2 diabetes would negatively impact the integrity of sensorimotor cortex as compared to individuals with chronic stroke alone. Compared to stroke alone, individuals with stroke and diabetes had lower cortical thickness bilaterally in the primary somatosensory cortex, and primary and secondary motor cortices. Individuals with stroke and diabetes also showed reduced creatine levels bilaterally in the sensorimotor cortex. Contralesional primary and secondary motor cortex thicknesses were negatively related to sensorimotor outcomes in the paretic upper-limb in the stroke and diabetes group such that those with thinner primary and secondary motor cortices had better motor function. These data suggest that type-2 diabetes alters cerebral energy metabolism, and is associated with thinning of sensorimotor cortex after stroke. These factors may influence motor outcomes after stroke.
Introduction
Type-2 diabetes mellitus (hereafter referred to as 'diabetes') significantly increases the risk of ischemic stroke. 1 Individuals with diabetes and stroke experience poorer motor 2, 3 outcomes as compared to those with stroke alone. The combination of stroke and diabetes leads to an increased burden of disability in the chronic phase of recovery, 4 but the reasons for poorer motor outcomes in this population are not well understood. Recent research yielded insights both into how the brain reorganizes to support motor recovery after stroke, and how diabetes affects the brain. However, these two perspectives have rarely been combined to examine how diabetes impacts the brain after stroke and affects motor outcomes.
Upper limb motor impairments are one of the most common residual deficits after stroke. 5 Surviving motor and somatosensory networks undergo structural and metabolic changes to facilitate upper limb recovery, which can be measured through magnetic resonance imaging (MRI). Ipsilesional primary motor cortex (M1) and primary somatosensory cortex (S1) grow thinner over the course of recovery, 6, 7 and in the chronic stage after stroke, a thinner ipsilesional M1 relates to worse motor outcomes. [8] [9] [10] Findings from magnetic resonance spectroscopy (MRS) show similar patterns. N-acetylaspartate (NAA), a marker of neuronal integrity, is reduced in the ipsilesional motor [11] [12] [13] and premotor 12, 14 cortices in individuals with chronic stroke. Lower NAA levels in ipsilesional sensorimotor tissue relates to poorer sensorimotor outcomes in several reports. [11] [12] [13] Recent work from our group showed that the thickness of M1 relates to NAA levels, 13 suggesting that thinning of the sensorimotor cortex may be caused by a loss of viable neurons. Taken together, these findings suggest that the integrity of ipsilesional sensorimotor cortex critically mediates capacity for sensorimotor recovery after stroke.
Recent research on diabetes alone has revealed that diabetes has numerous negative impacts on brain health. 15 Many of these negative influences of diabetes on the brain are relevant in the context of stroke recovery. Research on otherwise-healthy individuals with diabetes suggests that it may impact the integrity of cortical tissue, as individuals with diabetes show a global loss of cortical grey matter, 16, 17 and regionspecific thinning of grey matter in M1. 18 Furthermore, MRS studies demonstrate that diabetes impacts cortical metabolites; cortical tissue in the frontal lobes in otherwise-healthy individuals with diabetes show reduced NAA/creatine ratios, which relate negatively to blood markers of diabetes status. 19, 20 Myo-inositol, a marker of glial cells, is elevated in the dorsolateral prefrontal cortex in individuals with diabetes. 21 Thus, it appears that diabetes is associated with reduced neuronal health in the cortex along with increased glial proliferation.
Based on research on stroke alone, we know that the integrity and metabolic status of surviving tissue is an important mediator of functional recovery. Therefore, loss of grey matter volume or metabolic changes caused by diabetes could negatively affect recovery outcomes after stroke, resulting in the poorer motor outcomes after stroke in individuals with diabetes. Only one study to date has investigated metabolic changes in stroke and diabetes; Zhang et al. investigated NAA/ creatine ratios in the ischemic penumbra. 22 NAA/creatine was lower in individuals with diabetes in the acute stage post stroke, compared to individuals with acute stroke and no diabetes. 22 This may suggest reduced neuronal integrity in penumbral tissue in diabetes and stroke. However, as creatine levels undergo change in the acute stage after stroke, 23 it is unclear what these results signify. The between group difference could indicate changes to levels of NAA, or creatine, or both.
Additionally, the impact of diabetes on the volume or metabolic characteristics of intact sensorimotor tissue, and its relationship with sensorimotor outcomes after stroke, has not yet been examined.
Here we employed volumetric MRI and MRS to examine the impact of diabetes status on cortical sensorimotor structure and metabolism in a cohort of chronic stroke participants. We hypothesized that, relative to individuals with chronic stroke only, individuals with both diabetes and stroke will show (a) reduced global grey matter volumes, (b) lower sensorimotor cortical thickness, (c) decreased NAA and (d) elevated myo-inositol in sensorimotor cortex. We further predicted that cerebral variables differing between groups would be related to sensorimotor impairment and function of the paretic limb. Examining how diabetes influences global cortical atrophy, sensorimotor thickness and sensorimotor metabolism after stroke could yield insights into the poorer functional outcomes seen in individuals with diabetes after stroke.
Methods

Participants
Twenty-four individuals between the ages of 45-85 in the chronic phase (>6 months post-stroke) of their first clinically diagnosed stroke were recruited from the local community (means AE SD: age: 67 AE 8.9; post stroke duration (months): 69 AE 62.6; FM score: 43 AE 22.0). We recruited a heterogeneous stroke group in terms of lesion size, location and degree of motor impairment (assessed by Fugl-Meyer Upper Extremity Assessment 24 ) ( Table 1) . Diabetes status was determined by self-report of diagnosis, and participants were split into two groups: individuals with diabetes diagnosis and chronic stroke (DCS) or individuals with no diabetes diagnosis and chronic stroke (NDCS). Eleven individuals had a diagnosis of type-2 diabetes (DCS; mean duration of diabetes diagnosis: 9 years; two females); 14 individuals did not (NDCS; three females). See Table 1 for a description of participant characteristics.
Participants were excluded if they had a history of seizure, head trauma, neurodegenerative disease, hypothyroidism, type-1 diabetes or if they reported any contraindications to MRI. The University of British Columbia Research Ethics Board approved all aspects of the study design (H09-00368). Informed consent was obtained from each participant in accordance with the declaration of Helsinki.
MRI acquisition
MR acquisition was conducted at the University of British Columbia MRI Research Centre on a Philips Achieva 3.0T whole body MRI scanner (Philips Healthcare, Best, The Netherlands), using an eightchannel sensitivity encoding head coil (SENSE factor ¼ 2.4) and parallel imaging. All participants received a high-resolution three-dimensional T 1 
Brain volumetrics
T1 scans were processed using Freesurfer Software v5.3.0 (http://surfer.nmr.mgh.harvard.edu). Freesurfer analyses were restricted to individuals with subcortical lesions; Freesurfer segmentation identifies cortical landmarks making accurate parcellation of cortical regions impossible when large cortical lesions were present or there was significant cortical loss. Cortical reconstruction and volumetric segmentation were performed using standard processing pipelines. 25, 26 Briefly, the process includes motion correction, removal of nonbrain tissue, automated Talairach transformation, segmentation of subcortical white and grey matter structures, 27 intensity normalization, tessellation of the cortical grey and white matter boundaries, and automated topology correction and surface deformation following intensity gradients. Scans were then registered to an atlas which utilizes cortical folding patterns to segment cortical geometry across subjects, 28 and data on cortical regions of interest (ROIs) were extracted. All scans were visually inspected by a single rater (JKF) and, where necessary, lesions were manually masked and Freesurfer segmentation was re-run to ensure accuracy of cortical segmentation based on intensity normalization. Eight scans included in the final analysis required manual masking of lesions. Final data were deemed acceptable if parcellation of healthy appearing brain tissue was accurate based on visual inspection, and stroke lesions were not encroaching on ROIs. Whole brain cortical grey and white matter volumes were calculated by normalizing total cortical grey and total white matter volumes to total estimated intracranial volumes separately for each hemisphere. ROIs were selected based on 29 ( Figure 1 ). Automated second-order projection-based shimming was performed. Voxels were placed manually, ensuring that they captured grey matter of the motor cortex without measuring from the surrounding cerebrospinal fluid. Individuals with lesions in ipsilesional sensorimotor cortex were excluded from the MRS analysis.
Raw MRS files were processed using the automated software LCModel. 30 Spectral fits were visually inspected (JKF) to ensure quality of MRS data. To index data fitting quality, metabolite concentrations were rejected based on the Crame´r-Rao lower bound (CRLB) estimations from LCModel; metabolites were rejected when the CRLB was greater than 25% of the median value of the metabolite concentrations. 31 No metabolites in the current study required rejection on this basis. Absolute concentrations of MRS metabolites (NAA, mI, creatine) were determined and used toward analysis.
Behavioural assessments
Licensed physical therapists completed the behavioural assessments. To index motor impairment in the paretic arm, we employed the upper extremity portion of the Fugl-Meyer assessment (FM). 24 The FM scale is widely used in clinical and research settings to characterize motor impairment after stroke. 32 The FM assessment is scored from 0 to 66 with higher scores indicating less motor impairment.
To index motor function, we employed the Wolf Motor Function Task (WMFT), 33 which consists of 15 movement items in which performance is indexed by time to complete the task. Based on time to complete task, a projected task rate per minute is calculated as follows: Task rate ¼ 60 (s)/Performance time (s). If an individual was unable to complete a task within 120 s a task rate score of 0 was assigned. The average rate of performance was calculated across all tasks for a mean total score. Mean WMFT rate score is a valid and sensitive measure of motor function in the paretic upper limb. 34 Somatosensory function was assessed by pressure perception thresholds using graded monofilaments. Perceptual thresholds were tested on three sites of each hand (dorsum, thenar and hypothenar regions). Participants indicated when they felt pressure from a monofilament while vision was occluded. Somatosensory testing was conducted on both hands in random order; the lowest monofilament thickness that was perceived by the participant was recorded. Sensory perception threshold was calculated separately for each hand by summing the perceptual threshold level on each testing site for a total score out of a possible 19.95, with lower values indicating more sensitive sensory perception and less somatosensory impairment. Monofilament testing is a reliable measure of somatosensory function in the paretic limb. 35 
Statistical analysis
All statistical analyses were conducted using SPSS software (SPSS V23). For all variables, assumptions of normality were confirmed by the Shapiro-Wilk test. For all statistical procedures, we did not correct for multiple comparisons on the principle that the restrictiveness of Bonferroni correction would hinder the identification of potentially important relationships in an initial exploratory study with low numbers of participants. 36, 37 Gross cerebral volumes. A mixed-model three-way analysis of variance (ANOVA) was performed to assess differences in normalized cortical grey matter and global white matter volumes with within-subjects factors Tissue Type (two levels: Grey, White) and Hemisphere (two levels: Ipsilesional, Contralesional), and between-subjects factor Group (two levels: DCS, NDCS).
Regional cortical thickness. A mixed-model three-way ANOVA was performed to assess differences in mean cortical thickness at sensorimotor regions of interest, with within-subjects factors Region (three levels: M1, S1, BA6) and Hemisphere (two levels: Ipsilesional, Contralesional), and between-subjects factor Group (two levels: DCS, NDCS).
MRS. Mixed-model two-way ANOVAs were performed to assess differences in MRS measures with within-subjects factor Hemisphere (two levels: Ipsilesional, Contralesional) and between-subjects factor Group (two levels: DCS, NDCS). ANOVAs were performed separately for each of the three MRS metabolites (NAA, mI, creatine).
Relationships to motor and somatosensory outcomes. Exploratory correlational analyses were performed to evaluate whether the imaging measures identified as significantly different between Group (DCS/ NDCS) related to motor or somatosensory outcomes in the paretic limb. Correlations were performed first across the whole stroke sample, and subsequently performed for only the DCS group to examine whether imaging variables were uniquely related to motor or sensory outcomes in individuals with diabetes and stroke. Spearman's correlations were used to explore relationships between FM score, WMFT rate and sensory threshold score in the paretic limb, and imaging measures that differed significantly between DCS and NDCS group.
Results
Participant characteristics
DCS and NDCS groups did not differ significantly in age, post stroke duration, FM score or measures of peripheral somatosensory function (Table 2 ; all p > 0.10).
Seventeen participants in the current sample met criteria for Freesurfer processing (8 DCS, 9 NDCS; means AE SD: age: 67 AE 8.8; post stroke duration (months): 62 AE 69.5; FM score: 49 AE 19.2). Freesurfer DCS and NDCS groups did not differ significantly in age, post stroke duration, FM score or measures of peripheral somatosensory function (Table 2 ; all p > 0. 20) .
Eighteen individuals in the current sample met criteria for inclusion in the MRS dataset (9 DCS, 9 NDCS; means AE SD: age: 67 AE 9.3; post stroke duration (months): 78 AE 62.7; FM score: 45 AE 21.6; 4 females). MRS DCS and NDCS groups did not differ significantly in age, post stroke duration, FM score or measures of peripheral somatosensory function (Table 2 ; all p > 0.06).
Volumetrics
Gross cerebral volumes. Figure 2 displays results for all white and grey matter volume measures. A three-way ANOVA revealed no significant main effect of Group (DCS/NDCS) on total grey and white matter volumes. There was significantly lower grey and white matter volumes in the ipsilesional hemisphere as compared to the contralesional hemisphere, regardless of Group (F (1, 15) 
Regional cortical thickness. 
Correlations with sensorimotor function
Ipsilesional and contralesional cortical thickness of M1, S1, BA6 and creatine concentrations were correlated with motor and sensory measures in the paretic arm. Across the entire sample (DCS þ NDCS), none of these variables showed significant correlations with motor or sensory outcome (p > 0.06). When Spearman's correlations were restricted to DCS participants only, contralesional M1 thickness was negatively correlated with WMFT rate (r ¼ À 0.714, p ¼ 0.047; Figure 5 ), and contralesional BA6 was negatively correlated with both FM and WMFT rate score (FM: r ¼ À0.816, p ¼ 0.015; WMFT: r ¼ À0.881, p ¼ 0.004; Figure 5 ). Ipsilesional cortical thickness and creatine scores did not significantly correlate with motor outcomes in either the DCS or NDCS group.
Discussion
Type-2 diabetes is frequently comorbid with stroke, and may influence the brain's capacity for recovery. Here we considered changes to structural and metabolic characteristics of cerebral tissue in a cohort of individuals with chronic stroke, comparing individuals with a diagnosis of diabetes to those without. We found that individuals with chronic stroke and diabetes had lower cortical thickness and creatine bilaterally in sensorimotor cortex. Contralesional M1 and BA6 thickness related to stroke-affected arm motor function and impairment in individuals with chronic stroke and diabetes only.
Gross cerebral volumes and regional cortical thickness
The presence of diabetes after stroke did not impact the volume of cortical grey matter or cerebral white matter; there was no between group difference for these measures when we compared individuals with diabetes and stroke compared to individuals with stroke alone. However, we discovered that regional cortical thickness in primary and secondary sensorimotor cortices were reduced bilaterally in the group with diabetes and chronic stroke. These findings are consistent with previous reports from healthy adults with diabetes that showed reductions to cortical grey matter volumes with no impact on cerebral white matter volumes. 38 Our data support previous research suggesting diabetes has a specific negative impact on cortical grey matter. 16, 18 Several potential explanations exist for this finding: increased inflammatory factors, [39] [40] [41] higher microlesion load, 42, 43 or reduced cortical plasticity 44, 45 could all contribute to thinning of cortical grey matter in individuals with diabetes. Cortical regions of interest were chosen for the current study based on strength of support from previous literature on stroke recovery; the thickness of grey matter in ipsilesional sensorimotor cortices is related to motor outcomes in Data presented are mean AE standard deviation. Significance set to p < 0.05. DCS: diabetes with chronic stroke; NDCS: no diabetes with chronic stroke; PSD: post stroke duration; age is in years, PSD in months.
individuals with chronic stroke [8] [9] [10] and functional gains in response to rehabilitation. 8, 10 Contralesional M1 thickness increases in the subacute period of stroke recovery, which is hypothesized to reflect compensatory pathways in homologous cortical regions supporting functional recovery. 46 Given that in the present study individuals with diabetes demonstrated bilaterally reduced sensorimotor thickness, it is possible that individuals with diabetes are at a neurological disadvantage in stroke recovery, contributing to the poorer recovery outcomes seen in individuals with diabetes and stroke. 2, 3 In our data, on average sensorimotor cortex was thinner bilaterally in the diabetes group, yet consideration of individual patterns of change revealed that study participants with diabetes who had thicker contralesional primary and secondary motor thickness showed poorer motor outcomes. The specific role of contralesional sensorimotor cortices in stroke recovery is ambiguous. 46 After stroke, bilateral activation of sensorimotor cortical regions is observed. 47 Individuals with more severe initial impairment show greater bilateral activation early in recovery, 48 but individuals who make the most gains in recovery show a return to unilateral sensorimotor activation. 47, 48 Given that this increase in contralesional functional activity will likely stimulate structural plasticity; 49 contralesional cortex will thicken in response to this compensatory pattern of cortical activation to support arm function in individuals with more severe paresis. 6, 50 This appears to be the case in our data; individuals in the diabetes group with lower Fugl-Meyer scores showed thicker secondary motor cortices (see Figure 5(c) ). This likely explains the negative correlation between chronic motor function and contralesional cortical thickness in our diabetes group. Alternately, this finding may suggest that individuals with diabetes have distinct patterns of cortical plasticity that facilitate the recovery of function compared to non-diabetic individuals; this speculation will need to be examined longitudinally in future research.
Cerebral metabolite profiles in sensorimotor regions
Individuals with chronic stroke and diabetes had bilaterally reduced creatine levels in primary sensorimotor cortex. Creatine is a integral compound in oxidative metabolism through its role in ATP synthesis. 51 Low levels of creatine suggests reduced oxidative metabolism in sensorimotor cortex in diabetes. 51 This is supported by previous findings of a negative impact of diabetes on mitochondrial function, with a well-documented decrease in skeletal muscle mitochondrial metabolism (for review, see Szendroedi et al. 52 ) and in cortical 53 neuronal metabolism. Our data suggest that reduced oxidative metabolism is present in intact cortical tissue after stroke in individuals with diabetes. As we did not observe hemispheric differences in creatine levels, it is probable that the reduction in creatine is occurring due to globally reduced cerebral metabolism in diabetes, rather than a loss of cellular metabolism in regions connected to the cerebral infarct. Reductions to neuronal oxidative metabolism are proposed to underlie cerebral and peripheral neurodegeneration in diabetes, 54, 55 and low creatine levels in peri-infarct tissue have previously been linked to greater ipsilesional cerebral atrophy in stroke. 56 Reduced mitochondrial function is therefore a potential mechanism linking both reduced cortical thickness and low creatine in the present study.
Creatine is commonly used as a ratio to normalize other cerebral metabolites of interest in MRS studies, and thus is not often examined in isolation. 23 Previously reported reductions to NAA/creatine ratios in diabetes, 19, 20, 22 which have been interpreted as reflecting a decline in NAA levels, may therefore be influenced by changes to the creatine/phosphocreatine system. Our data supports this assertion; while NAA trended toward a reduction in the diabetes group, this did not reach statistical significance. Future MRS research should examine raw NAA and creatine levels, as creatine may not be a stable denominator to normalize metabolites of interest. In fact, changes in creatine levels may reflect an independent biochemical process occurring as a result of either stroke or diabetes, with resulting consequences for cerebral health.
We did not observe changes to myo-inositol in the diabetes group. Previous research has shown increased myo-inositol in frontal white matter 21 and the The diabetes group showed significantly lower cortical thickness in sensorimotor regions, compared with the non-diabetes group. Across the entire stroke cohort, there was significantly thinner sensorimotor cortex in the ipsilesional hemisphere, relative to the contralesional hemisphere. M1: primary motor cortex; BA6: Brodmann area 6 (secondary motor cortex); S1: primary somatosensory cortex; DCS: diabetes with chronic stroke; NDCS: no diabetes with chronic stroke. Significance set to p < 0.05; error bars are SEM; *p < 0.05. hippocampus 57 in otherwise healthy individuals with diabetes, though this finding is inconsistent with other reports showing no change between diabetes and non-diabetes groups on myo-inositol levels in frontal grey matter. 58 Myo-inositol has been reported as elevated in spared sensorimotor tissue post stroke, but has no clear link to functional outcomes. 11, 12 The evidence for direction and functional relevance of changes to myo-inositol in diabetes and stroke recovery is inconclusive and requires further examination.
Limitations
Segmentation of the MRS voxel was not performed, therefore observed changes in cerebral metabolite concentrations may be the result of changing composition to grey and white matter in the MRS voxel as a result of reduced cortical thickness. However, given that the difference between the DCS and NDCS groups in cortical thickness was 0.2 mm on average, and the MRS voxel had dimensions of 30 mm Â 22 mm Â 15 mm, the overall The diabetes group showed significantly lower creatine bilaterally. Across the stroke cohort, NAA was significantly lower in the ipsilesional hemisphere relative to the contralesional hemisphere. There were no significant effects of Group or Hemisphere on myo-inositol levels. NAA: N-acetylaspartate; DCS: diabetes with chronic stroke; NDCS: no diabetes with chronic stroke; significance set to p < 0.05; error bars are SEM; *p < 0.05. changes to the composition to the grey matter layer were minute in comparison to the total size of the sampled voxel. We therefore do not expect cortical grey matter reductions to impart a significant amount of change to the MRS data between groups.
We did not collect information on study participants with regards to other cardiovascular risk factors that frequently cluster with diabetes, such as hypertension, obesity and hypercholesterolemia. Some previous research has demonstrated an additive effect of multiple cardiovascular risk factors on markers of cerebral health such as cortical atrophy. 59 This may be an additional explanatory variable in our findings that is not presently accounted for, and should be examined in future research.
Our sample included more males than females. Recent research has indicated that cardiovascular complications from type-2 diabetes may affect females more than males, 60 however, in the present analysis, we were underpowered to look at sex differences. Future research should examine whether changes to cortical thickness or creatine levels are influenced by sex in individuals with diabetes after stroke.
As we did not measure blood glucose levels, it is possible that some individuals in our non-diabetes group may have undiagnosed type-2 diabetes. This likely reduces the power of the present analysis. However, as reductions in cortical thickness and creatine reached statistical significance, these likely reflect robust effects. Diabetes represents a continuum of impaired metabolism rather than a strict binary condition, thus future research should investigate the relationships of imaging measures with glycated haemoglobin and fasting glucose levels.
General conclusions
These results provide preliminary evidence for a negative impact of type-2 diabetes on surviving sensorimotor tissue after stroke. Surviving cortical motor and sensory regions are hypothesized to be critical sites for remapping of lost sensorimotor functions. The additional burden of diabetes on the cortical grey matter may increase the risk of poorer functional outcomes after stroke. Future research should evaluate the implications of altered cortical structure and function in diabetes on the brain's capacity for recovery to mitigate the increased burden of post-stroke disability in this population. 
